We report an experimental study of the bimagnetic nanocomposites CoFe2/CoFe2O4.The precursor material, CoFe2O4 was prepared using the conventional stoichiometric combustion method. The nanocomposite CoFe2/CoFe2O4 was obtained by total reduction of CoFe2O4 using a thermal treatment at 350 o C in H2 atmospheres following a partial oxidation in O2 atmospheres at 380 o C during 120; 30; 15, 10, and 5 min. The X-ray diffraction and Mossbauer spectroscopy confirmed the formation the material CoFe2/CoFe2O4 The magnetic hysteresis with different saturation magnetization confirms the formation of the CoFe2/CoFe2O4 with different content of CoFe2O4. The high energy milling to the precursor material increase the coercivity from 1.0 to 3.3 kOe, however the same effect was not observed to the CoFe2/CoFe2O4 material.
INTRODUCTION
The cobalt ferrite (CoFe2O4) belong to a group of metal ferrite like M 2+ Fe2 3+ O4
2-that had attracted considerable interest due potentials to several applications [1] [2] [3] [4] [5] [6] . Among the hard ferrites the CoFe2O4 presents interesting characteristics, such as electrical insulation, chemical stability, high magnetic-elastic effect [7] , moderate saturation magnetization, thermal chemical reduction, and high coercivity. Due to these characteristics, the cobalt ferrite is a promising material for several technological applications.
Particularly for permanent magnets applications coercivity (HC) and saturation magnetization (MS) are fundamentals. Both quantities composes the figure of merit in a hard magnetic material, the energy product (BH)max, this quantity , in a simplified way, gives an idea of the amount of energy magnetic that can be stored in the material. Consequently, to optimize the use CoFe2O4 for this type of application, it is convenient to increase their MS and HC.
Several works reports successfully methods used to increase the HC of cobalt ferrite, such as thermal annealing [8] , capping [9] and mechanical milling treatment [10, 11, 12] .
The exchange spring effect has been used to increase the MS of some nanomaterials [13] [14] [15] [16] [17] .
This effect was observed for the first time in 1989 by Coehoorn et al. [13] and explained in 1991 by Kneller and Hawig [17] , who argue that, under certain conditions, hard and soft magnetic materials may present exchange coupling. The exchange spring magnets combine in a single material (nanocomposite), the high HC from the hard material with the high MS from the soft material, increasing substantially the product (BH)max when compared with any one of the individual phases of the nanocomposite.
Fortunately, CoFe2O4 is also a promising material for obtaining optimized exchange-spring magnets [14] [15] [16] due the easy process for obtention of CoFe2 by reduction of CoFe2O4. The CoFe2 is a soft ferromagnetic material with high MS (bigger than 200 emu/g). Two methods have been used to this purpose: reduction with hydrogen atmosphere at 300 o C (CoFe2O4+4H2 → CoFe2 + 4H2O) [14] and reduction with carbon at 900 o C (CoFe2O4+2C → CoFe2 + 2CO2) [16] . However, the first method presents important advantages, due the relatively low process temperature, that prevent coalescence between the nanoparticles, and provide better control of the thickness of the reduced material. By the other way, the CoFe2 also presents an interesting and useful characteristic, the oxidation transforming into CoFe2O4
(CoFe2 + 2O2→ CoFe2O4). This property was used by Scheffe et al. to produce hydrogen [6] . CoFe2O4 with carbon [16] , however in the both cases with small values of (BH)max, as compared with high-Hc CoFe2O4 [10] [11] [12] . Thus, more studies trying to improve the energy product (BH)max are necessary. Moreover, only few works investigated the system CoFe2(core)-CoFe2O4(shell) [18] , reasons why we consider that this kind of studies deserves attention. Due to these reasons, in this work we investigated the nanocomposites CoFe2(core)-CoFe2O4(shell) with different content of CoFe2O4 and tried to increase the coercivity of the nanocomposite by milling, how occurs to pure CoFe2O4 [10] .
EXPERIMENTAL
The precursor material, CoFe2O4, was prepared using a conventional combustion method [19] . Highpurity (99.9%) raw compounds were used. Cobalt nitrate (Co(No3)26H2O) and iron nitrate (Fe(NO3)39H2O) were dissolved in 450 ml of distilled water in a ratio corresponding to the selected final composition. Glycine (C2H2NO2) was added in a proportion of one and half moles per mole of metal atoms, and the pH of the solution was adjusted with ammonium hydroxide in the range of 3 to 7. The pH was tuned as closely as possible to 7 avoiding precipitation. The resulting solution was concentrated by evaporation using a hot plate at 300 o C until a viscous gel was obtained. This hot gel finally burnt out as a result of a vigorous exothermic reaction. The system remained homogeneous throughout the entire process and no precipitation was observed. Finally, the as-reacted material was calcined in air at 700 o C for 2 h in order to remove the organic residues.
The process to obtain the nanocomposite CoFe2-CoFe2O4 can be described in two distinct parts: 
The symbol Δ indicates that thermal energy is necessary in the process.
The second step is to transform part of the CoFe2 in a CoFe2O4 by oxidation, using the same tubular furnace working at 380 o C with pure oxygen atmosphere, but different processing times to tune the thickness/content of the cobalt ferrite shell. The oxidation process can be described by:
The all process of CoFe2/CoFe2O4 preparation is illustrated by figure 1. These samples were labeling respectively as: CF-CFO_120; CF-CFO_30; CF-CFO_15; CF-CFO_10, and
Finally, a Spex 8000 high-energy mechanical ball miller with 6 mm diameter zirconia balls, was employed for milling processing for four samples (pure CoFe2O4; CF-CFO_120; CF-CFO_30; CF-CFO_15), aiming exclusively to increase their coercivity. The processing time was 1.5 h for all samples with ball/sample mass ratio of about 1/9. Detailed milling conditions are described in Ponce et al. [10] .
The crystalline phases of the nanocomposite were identified by X-ray diffraction (XRD), using a
Shimadzu XRD-6000 diffractometer installed at the Laboratório Multiusuário de Técnicas Analíticas
(LAMUTA/ UFMT-Cuiabá-MT-Brazil). It is equipped with graphite monochromator and conventional Cu tube (0.154178 nm), and works at 1.2 kW (40 kV, 30 mA), using the Bragg-Brentano geometry.
Magnetic measurements (hysteresis loops at 300 and 50 K) were carried out using a vibrating sample magnetometer (VSM) model VersaLab Quantum Design, and the 57 Fe Mössbauer spectroscopy experiments were performed at room temperature in transmission geometry with the Co-57 in Rh-matrix source moving in a sinusoidal mode. Isomer shifts () are reported relative to α-Fe at room temperature, both installed at CBPF, Rio de Janeiro RJ-Brazil.
RESULTS AND DISCUSSION
The figure 2 presents the XRD patterns of the precursor material (CoFe2O4) before (CFO sample) and after (CF sample) the 5 h thermal treatment in a reductive H2 atmosphere, as indicated by chemical reaction (1) . These patterns suggest the total transformation of CoFe2O4 ( fig. 2a) into CoFe2 ( fig. 2b ).
Using the Scherrer equation to the more intense XRD peak, we obtained 52 nm to the mean size of the crystallite for the sample CFO. We also performed the Mossbauer spectroscopy to evaluate the chemical reduction process, however, to understand the results, it is convenient to know the crystalline structure of CoFe2O4. The cobalt ferrite has an inverse spinel structure, which can be described by [20] : (tetrahedral) and B (octahedral) sites, respectively, and i (the degree of inversion) describes the fraction of the tetrahedral sites occupied by Fe 3+ cations. The ideal inverse spinel structure has i = 1 and a mixed spinel structure present i values between 0 and 1. Generally, the cobalt ferrite is in the second case, and, consequently, Mössbauer spectra can be typically analyzed on the basis of one subspectrum associated to Fe 3+ in tetrahedral sites and one (or more) subspectra arising from Fe 3+ in octahedral sites [21] . In the simplest analysis two sextets are expected. In the other hand, a complete reduction of the CoFe2O4 (CFO sample) to CoFe2 (CF sample) transform the spinel to a body center structure, which give an only one position to Fe
+3
. The Mössbauer spectroscopy is powerful tools to study local electronic structure and can distinguish these different scenarios.
In figure 3 57
Fe Mössbauer spectra of CoFe2 after first reaction (described by chemical equation Although it is difficult to resolve the individual contributions of the A and B sites, we associated the distribution to CoFe2O4 phase. The result revels that chemical reaction described by eq. (1) occurs, but the reduction of the material was not totally achieved, suggesting the presence of about 4% cobalt ferrite after reduction. Figure 6 -Mossbauer spectra and fittings of samples CF-CFO_5 and CF-CFO_10.
The magnetic hysteresis curves ( fig. 7 ) of the samples CF-CFO_120; CF-CFO_30; CF-CFO_15;
CF-CFO_5 are in agreement with the XRD and Mossbauer spectroscopy results. The differences in MS between the samples observed in the hysteresis curves confirm the formation of the CoFe2/CoFe2O4 composite with different contents of CoFe2O4. As expected, the sample treated during more time presented a smaller saturation magnetization, this result is consistent with more content of cobalt ferrite in the nanocomposite (sample CF-CFO_120). All samples follow this tendency, thus, the sample with biggest MS was the CF-CFO_5. On the other hand, the coercivity increases with the content of CoFe2O4, that also is an expected effect due the magnetic hardness of the cobalt ferrite.
The single magnetic behavior in the hysteresis (no kinks in the curve) indicates the magnetic coupling between CoFe2O4 and CoFe2, furthermore this behavior is expected only to materials with nanometric scale [22] . MGOe for very hard cobalt ferrite.
In order to increase the coercivity we performed a high energy milling process in the precursor material (CFO sample) and in the samples CF-CFO_120, CF-CFO_30 and CF-CFO_15. The figure 8a compares the hysteresis of CoFe2O4 (CFO sample) before and after the milling process. The figure reveals an enormous increase in HC. This effect was explained by the references [10, 11, 19] , it is associated with increase of strain and density of structural defects. Moreover, was observed a decrease in MS, this effect is Nevertheless, to samples CF-CFO_120, CF-CFO_30, and CF-CFO_15 the milling process did not result the same effect to the coercivity. To the sample CF_CFO_120 the HC increased from 1.0 to 1.1 kOe; to the sample CF-CFO_30 the HC remained 1.0 kOe after the milling process and to the sample CF-CFO_5 was observed a slightly decrease from 0.97 to 0.94kOe. These effects for the coercivity associated with the decrease of MS for all milled samples caused a significant decrease of (BH)max for these samples (see table 4 ). There is an important difference from the CoFe2O4 of CFO sample and CoFe2O4 of the samples CF-CFO_120, CF-CFO_30, and CF-CFO_15, the first was obtained from the conventional combustion method and second obtained from the oxidation of CoFe2. For this reason is expected structural differences between them, indeed, more investigations are needed to understand this unexpected behavior to the nanocomposite.
CONCLUSION
We prepared the CoFe2/CoFe2O4 nanocomposite successfully, confirmed by XRD, Mossbauer spectroscopy and magnetic hysteresis. We obtained this material using the chemical reduction property of cobalt ferrite associate with oxidation property of iron cobalt.
The one phase behavior of magnetic hysteresis obtained to the CoFe2/CoFe2O4 suggests the magnetic coupling between CoFe2 and CoFe2O4 phases. However, the small values of MR/MS ratio limit the hard magnetic applications.
The precursor material CoFe2O4 responded to the high energy milling, as expected, increasing substantially the coercivity and decreasing the MS, however to the samples CoFe2/CoFe2O4 (including sample with high concentration of CoFe2O4) the results were quite different, no significant changes was observed to the coercivity, suggesting that the structural differences are fundamental to the effect of change in HC. However, this effect deserves more investigation.
